The expected pattern of changes in respiratory mechanics with increasing lung volume was seen: a progressive fall in airway resistance and increases in the coefficients of tissue damping and elastance. A surprising pattern was seen in hysteresivity (), with a plateau at low lung volumes (Pao Ͻ 10 cmH 2O), a sharp fall occurring between 10 and 15 cmH 2O, and approaching a second (lower) plateau at higher lung volumes. Studies designed to elucidate the mechanism(s) behind this behavior revealed that this was not due to chest wall properties, differences in volume history at low lung volume, time dependence of volume recruitment, or surface-acting forces. Our data are consistent with the notion that at low lung volumes the mechanics of the tissue matrix determine , whereas at high lung volumes the properties of individual fibers (collagen) become more important. respiratory mechanics; hysteresivity ANIMAL MODELS ARE FREQUENTLY used to study the mechanisms underlying human lung diseases. In recent years, mice have become the "species of choice," especially for studying inflammatory and immunologically based diseases, because of the availability of reagents and the advances in transgenic technologies. Studies in mice are valuable for proof of concept studies and have furthered knowledge about disease mechanisms.
To study lung diseases, one needs the ability to measure lung function and to understand how lung function changes under conditions likely to be encountered in lung diseases. Most studies in mice reported in the literature to date have used relatively simplistic methods for measuring lung function. These techniques include barometric plethysmography in unrestrained, conscious mice, measurement of "overflow pressure," and measurements of airway resistance (Raw) and dynamic compliance in a body plethysmograph (3) . None of these techniques is capable of partitioning lung function into components representing the airways and lung tissues separately, which is a distinct failure when attempting to understand disease mechanisms. Recent technical developments have seen sophisticated measurements of lung function used in mice, in which input impedance of the respiratory system (Zrs) is measured over a frequency range from 0.25 to 20 Hz (13, 16) . A model including an airway compartment comprising a frequency-independent Raw and airway inertance and a constant-phase tissue compartment comprising coefficients of tissue damping (G) and tissue elastance (H) can then be fitted to Zrs, allowing the partitioning of lung function into components representing the mechanical properties of the airways and lung tissue. Strictly speaking, this description applies only to the open-chest or isolated lung conditions; in the closed-chest conditions, the estimate of Raw may contain some Newtonian component from the chest wall. The tissue mechanical properties have also been represented as hysteresivity ( ϭ G/H), an expression of the coupling of the elastic and energy dissipative properties of lung tissue (5) . The is a material property of the tissue and was originally defined as the energy dissipated relative to the elastic energy stored in the tissue during cycling (5) (e.g., during the breathing cycle) and it has been used to characterize tissue mechanics in intact animals, lung tissue and muscle strips, and single cells (4, 10-12, 17, 20, 21) . Within a particular animal, has been shown to be relative constant, changing little with changes in tidal volume or ventilation frequency (5, 17) .
Diseases that produce chronic inflammatory changes in the lungs are likely to alter lung volume because of a variety of mechanisms, including patchy atelectasis causing ventilation inhomogeneities and reducing lung volume, narrowing of small airways causing gas trapping, or increases in respiratory rate resulting in dynamic hyperinflation. In a number of species, including humans, respiratory mechanical properties are known to change with lung volume. Studies of the volume dependence of airways and lung tissues separately have shown that Raw decreases with increasing lung volume, whereas lung tissues become stiffer and tissue damping increases (15, 18) . Similar data are not available for mice but are needed to accurately interpret changes in lung function induced in chronic disease models.
The present study was conducted to determine the changes occurring in lung function, partitioned into components representing the airway and lung tissues, with changes in lung volume from functional residual capacity to close to total lung capacity in mice. The expected changes in Raw, G, and H with lung volume were demonstrated; however, a marked decrease in with increasing lung volume was seen. Studies were then undertaken to investigate the mechanisms responsible for changes in with lung volume.
METHODS

Animal Preparation
Female BALB/c mice, 8-10 wk old, were studied. Each mouse was anesthetized with 0.1 ml/10 g of a mixture containing xylazine (2 mg/ml; Bayer) and ketamine (40 mg/ml; Parnell Laboratories). Two-thirds of the dose was given to induce anesthesia, with the remainder given when the animal was attached to the ventilator. Additional doses were given approximately each 40-60 min, as required. Once surgical anesthesia had been established, a tracheostomy was performed and a polyethylene cannula (length ϭ 1.0 cm, ID ϭ 0.0813 cm) inserted. Mice were ventilated with a tidal volume of 8 ml/kg at a rate of 450 breaths/min, with a positive end-expiratory pressure (PEEP) of 2 cmH 2O, by using a custom-designed ventilator (flexiVent, Scireq, Montreal, PQ, Canada). This rate is used to suppress the animal's drive to breathe, so muscle relaxation is not required for measurements made during pauses in ventilation. The animal handling and study protocol conformed to the guidelines of the Australian National Health and Medical Research Council and were approved by the Animal Ethics Committee of the Institute for Child Health Research.
Measurement of Lung Function
Lung function was measured during brief pauses (time ϭ 6 s) of ventilation, during which the animal was switched from the ventilation circuit to the measurement circuit (Fig.  1) . A forcing function, with 25 equidistant frequency components between 1 and 25 Hz, was generated by the loudspeaker and delivered to the animal via a wave tube (length ϭ 100 cm, ID ϭ 0.116 cm). The power of the lowfrequency components was enhanced to match the frequency dependence of the impedance magnitude. The component phase angles of the forcing function were selected so that the peak-to-peak amplitude of the composite signal was minimal at the given component amplitudes (2 cmH 2O).
Volume Dependence of Respiratory Mechanics
To determine the volume dependence of respiratory mechanics, measurements were made in 8 BALB/c mice [group mean weight 25.4 Ϯ 6.4 (SD) g] at transrespiratory pressures of 0, 2, 5, 10, 12.5, 15, and 20 cmH 2O. The measurement circuit was set to the desired pressure before the animal was switched into the circuit. Approximately 3 s were allowed for the animal to equilibrate with the measurement circuit before the forcing function was introduced. In preliminary studies, the order in which pressures were applied was investigated and found not to influence the results (data not shown). In all studies reported here, the pressures were applied systematically from lowest to highest. At each pressure, four discrete data epochs were collected, separated by at least 30 s of normal ventilation, with a PEEP of 2 cmH 2O, and this ventilation set the premeasurement volume history. Individual spectra were averaged and the constant-phase model (7) fitted as follows
where R is the Newtonian resistance (primarily located in the airways but containing a contribution from the chest wall), j is the imaginary unit, I is the inertance, is the angular frequency, and ␣ is a function of G and H only and therefore is not an independent model parameter. The model fitting was accomplished by miminizing the squared sum of relative distances between measured and modeled data. The impedance of the tracheal cannula was estimated separately, and the cannula resistance and inertance were removed from R and I, respectively. The values of I were small after correction and are not reported
Determination of the Mechanism of Changes in With Lung Volume
Influence of the chest wall. To determine the influence of the chest wall on the volume dependence of respiratory mechanics, particularly of , five mice were studied with the chest wall intact and after midline sternotomy and wide retraction of the rib cage. Lung function was measured by using a protocol identical to that described above, with the exception that data were not collected at a transpulmonary pressure of 0 cmH 2O. We also measured volume dependence, by using a protocol identical to that used in the open-chest conditions, in three sets of isolated lungs that were suspended by the tracheal cannula and unsupported.
Volume history at low lung volumes. To determine whether the volume history preceding the measurement was responsible for the pattern of change in with lung volume, i.e., higher values in at low lung volumes, the closed-chest protocol was repeated in a group of mice (n ϭ 4) ventilated with a PEEP of 5 cmH 2O instead of 2 cmH2O between each measurement of Zrs.
Time dependence of volume recruitment. To test the possibility that volume recruitment at any given pressure may be Fig. 1 . Schematic representation of the experimental equipment. Mechanical ventilation was applied by using the flexiVent, and forced oscillations were delivered by a loudspeaker-in-box system. Input impedance was measured on the basis of wave-tube pressures P1 (at loudspeaker) and P2 (at tracheal end).
a time-dependent phenomenon, two protocols were undertaken (n ϭ 4 animals). 1) The time allowed for equilibration between the mouse and the measurement circuit was doubled to 6 s. Lung function was measured by using a protocol identical to that described above. 2) Measurements were made at transrespiratory pressures of 5, 20, and 5 cmH 2O without measurements at other pressures intervening and at 10, 20, and 10 cmH 2O without measurements at other pressures intervening (abbreviated protocol).
RESULTS
Volume Dependence of Respiratory Mechanics
The impedance data were consistent with the model at all transrespiratory pressures. Figure 2 displays The volume dependence of mechanical parameters of the total respiratory system is shown in Fig. 3 (Fig.  3, B and C) .
The pattern of volume dependence of was most surprising, with values increasing from 0.24 Ϯ 0.05 at a transrespiratory pressure of 0 cmH 2 O to a plateau value of ϳ0.27 between pressures of 2 and 10 cmH 2 O before decreasing abruptly between pressures of 10 and 15 cmH 2 O to approach a lower value of ϳ0.13 at a transrespiratory pressure of 20 cmH 2 O (Fig. 3D) .
Influence of the Chest Wall on Respiratory Mechanics
The influence of the chest wall on respiratory mechanics in mice is shown by comparing the open-chest with the closed-chest parameter values in Fig. 3 . The chest wall contributes ϳ6% to R with little change over the range on lung volumes studied (Fig. 3A) . The contributions of the chest wall to tissue mechanics are also shown in Fig. 3 . There is a moderate contribution to G (average 20%; Fig. 3B ) but no contribution to H (average 0.7%; Fig. 3C ). The chest wall does contribute to the value of measured in the intact animal (average 20%) (Fig. 3D) . However, as can be clearly seen in Fig.  3 , the volume-dependent behavior of respiratory mechanics is not due to the contribution of the chest wall. Specifically, the pattern of change in with increasing lung volume is identical in the open-chest measurements to those with the chest wall intact. In addition, the pattern of change in in the isolated lungs was similar to that seen in both the open-and closed-chest conditions, confirming that this pattern could not be attributed to the influence of the chest wall (Fig. 4) .
Influence of Volume History on the Volume-dependent Behavior of Respiratory Mechanics
Altering the premeasurement volume history by setting PEEP at either 2 or 5 cmH 2 O had no influence on either the values of R, G, H, and measured at any lung volume or in the pattern of change in these variables with increasing lung volume. Figure 5 shows the patterns of change in with increasing transrespiratory pressure measured with both protocols.
Influence of Time-dependent Recruitment of Lung Volume on the Volume-dependent Behavior of Respiratory Mechanics
Neither protocol used to address any potential effect of time-dependent recruitment of lung volume on the patterns of volume dependence behavior of respiratory parameters disclosed any difference in these patterns. The change in equilibration time from 3 to 6 s did not result in a change in any of the mechanical parameters, including , at any pressure (data not shown). Similarly, there was no change in any parameter when the abbreviated protocol was used (data not shown).
DISCUSSION
The results of the present study show that respiratory mechanics, measured by using forced oscillations, exhibit the expected decrease in R with increasing lung volume together with the expected increase in G and H. These results confirm the changes that will occur in respiratory mechanics under circumstances in which lung volumes change, such as will be encountered in models of chronic lung disease. The changes seen in were unexpected.
The mechanical properties of the lung parenchyma are determined partly by a tension skeleton made up of connective tissue fibers that spread throughout the lung in an organized fashion and partly by surfaceacting forces (21) . The tension skeleton consists of 1) axial fibers that fan out centrifugally from the hilum along the branching airway tree, 2) peripheral fibers that originate in the pleura and penetrate centripetally into the lung, and 3) alveolar septal fibers that join the two (21) . The pulmonary interstitium contains myofibroblasts that contain actin and myosin microfilaments of the smooth muscle type, collagen and elastin fibers, and some free extracellular fluid related to lymph. From a mechanical point of view, the collagen and elastin fibers are intimately associated and cannot really be considered to be separate (21) . Fredberg and Stamenovic (5) proposed the structural damping paradigm, according to which the dissipative properties of lung tissue (tissue damping or frequency-dependent tissue resistance) and the elastic properties were coupled and could be expressed as . Under this paradigm, should only depend on the material composition of the tissue. Indeed, has been shown to be relatively constant across species and under a variety of experimental circumstances, although has been shown to increase in response to constrictor agonists both in vivo and in vitro (8, 12, 14) and to differ in magnitude between intact lungs and tissue strips (17). Sakai et al. (17) measured in intact rats, after partial thoracotomy, achieved by opening the diaphragm to induce bilateral pneumothoraxes, in isolated lungs, and in tissue strips. They compared the values of measured under these conditions at several lung volumes with estimated directly from tissue strip preparations. They reported higher values of in the intact lungs (closed chest Ͼ open chest) and that in the isolated lungs was similar to that in the tissue strips and concluded that was primarily determined by lung connective tissue and that the higher values seen in lungs measured in situ were a consequence of "compartment-like heterogeneity." This conclusion is consistent with the original hypothesis of Fredberg and Stamenovic (5) .
The volume-dependent behavior of reported in the present study warrants further examination. We found that was relatively constant at low lung volumes (between transrespiratory pressures of 2 and 10 cmH 2 O). These data are consistent with the majority of reports in the literature in different species, with little change reported in within the experimental conditions examined. The abrupt fall in seen as lung volume increased (between transrespiratory pressures of 10 and 15 cmH 2 O) was unexpected and seemingly at odds with the concepts of expressed in the literature. However, we are not aware of any data in the literature that systematically examine the volume-dependent behavior of over an extended volume range. In an attempt to understand the mechanism underlying this phenomenon, we undertook a series of studies to examine possible contributory factors.
We examined the influence of the chest wall on respiratory mechanics and on the volume-dependent behavior by measuring respiratory mechanics before and after midline sternotomy and widely retracting the rib cage. As shown in Fig. 3 , the chest wall did contribute to respiratory mechanics, as measured with lowamplitude forced oscillations. The average contribution of the chest wall to R was 6%, and the average contribution to G was 20%. These contributions are of similar proportions to studies that used similar techniques in other species, including rats (14) and human infants (Z. Hantos and P. Sly, unpublished observations). Perhaps surprisingly, our results suggest that the elastic properties of the chest wall do not contribute to the elastic behavior of the respiratory system. This finding is at odds with studies in other species (as above) and is counterintuitive. The most likely explanation for this finding is the likely difference in the pattern of lung expansion in the closed and opened conditions. In a supine, mechanically ventilated mouse with the chest wall intact, the most obvious expansion during inspiration is seen in the abdominal compartment. This implies that the lung expands by pushing the diaphragm down, moving the abdominal wall outward. When the chest wall is opened by midline sternotomy and cutting the diaphragm bilaterally, as in the present study, the lungs, which are no longer restrained by the rib cage, can be seen to expand outward rather than toward the abdominal cavity. Thus the motion and expansion of the lungs may well be very different under the two conditions and lead one to question the validity of measurement of respiratory mechanics made with the chest wall opened. The values we obtained for R, G, and H at 2 cmH 2 O with the chest wall opened (Fig. 3) were similar to those reported by Tomioka et al. (19) .
Despite the concerns expressed above about the validity of the open-chest measurements, as can be seen in Fig. 3D , the influence of the chest wall cannot explain the volume-dependent behavior of . Although the magnitude of fell after opening of the chest wall, the pattern of volume dependence was identical. In addition, we measured the volume dependence in a group of excised lungs and found essentially the same pattern of volume dependence as seen in both the closed-and open-chest conditions, confirming that this phenomenon is not due to the influence of the chest wall. However, the rise seen in between 0 and 5 cmH 2 O in the closed-chest conditions was not seen with the chest wall widely open in the isolated lungs (between 2 and 5 cmH 2 O), and this may be a property of the chest wall.
We then examined the possibility that our study protocol allowed ventilation inhomogeneity and patchy atelectasis to develop between measurements that was not completely overcome at low lung volumes but was at high lung volumes, leading to an artifactual volume-dependent behavior. Ventilation inhomogeneity with partial closure of some peripheral airways would be expected to result in an increase in G that is not matched by a similar increase in H and an increase in . Studies in rats undergoing methacholine challenge showed such a pattern (14) and confirmed that peripheral inhomogeneity was indeed responsible by ventilating the animals with a gas mixture of 20% oxygen and 80% neon and showing gas-dependent changes in G. We approached this possibility in several ways. We first considered that the volume history set by a PEEP of 2 cmH 2 O might not have been sufficient to prevent atelectasis and/or ventilation inhomogeneity from developing in our anesthetized, supine animals. In a separate group of animals, we repeated our measurement protocol with a volume history set by a PEEP of 5 cmH 2 O, a pressure likely to be well above the elastic equilibrium pressure of the respiratory system in mice. The data recorded with a PEEP of 5 cmH 2 O and of 2 cmH 2 O in the same animals were identical (Fig. 5) and did not support the notion that the premeasurement volume history was responsible for the volume-dependent behavior in respiratory mechanics, especially in . Next we used two separate protocols to examine the possibility that more time than we were allowing was required to "open" the lungs at low lung volumes, whereas sufficient time was available to higher lung volumes (1) . In a separate group of animals, we allowed either 3 or 6 s for the animal to equilibrate with the preset measurement after switching the animal into the measurement circuit before measuring respiratory mechanics. Again the measurements made in individual animals were identical with either protocol, suggesting that time-dependent recruitment of lung volume was not responsible for the pattern of volume-dependent behavior we observed. Additionally, we altered the measurement protocol, measuring respiratory mechanics at a transrespiratory pressure of 5 cmH 2 O immediately before and after measurements made at 20 cmH 2 O and at 10 cmH 2 O immediately before and after measurements made at 20 cmH 2 O. Again, these measurements were identical in individual animals, strongly suggesting that the results we are reporting are a function of the transrespiratory pressure at which the measurements were made rather than a function of the measurement protocol.
When measurements of respiratory mechanics are made in vivo, the surface-acting forces are also likely to contribute to the parenchymal mechanics. As lung volume decreases, the radius of curvature of alveoli increases, resulting in an increased surface tension and tendency for the alveoli to collapse. Surfactant reduces surface tension and minimizes the tendency for alveoli to collapse. As lung volume decreases the surfactant monolayer is compressed and "folds" in the alveoli. Surfactant protein C (SP-C) is thought to be involved in this process, and mice deficient in SP-C show alveolar instability at low lung volumes (6) . As part of another study (9), we had the opportunity of examining the volume-dependent behavior of in transgenic mice with differing combinations of deficiencies of surfactant protein B (SP-B) and/or SP-C, with differing surfactant functions and differing abilities to lower surface tension, especially at low lung volumes. Measurements of respiratory mechanics were made with a different measurement system, the flexiVent, with an oscillatory signal with similar frequency content but larger amplitude that that used in the present study. As shown in Fig. 6 , an identical pattern of volume-dependent behavior was seen in in these mice as was seen in the present study. These data show that surface-acting forces are unlikely to contribute to the volume-dependent behavior of , with higher values at low lung volume as seen in the present study. Also, the larger amplitude signal used in the surfactant study, together with the different system used to measure oscillatory mechanics, strongly suggests that the results of the present study are not peculiar to the measurement conditions used but reflect an inherent property of mice. In addition, different strains of mice were used in the two studies [BALB/c in the present study and National Institutes of Health Swiss Black (SP-C) and FVB (SP-B) in the surfactant study], suggesting that this phenomenon is not a function of a single strain of mouse. Indeed, we have seen similar volume-dependent changes in in both rats and rabbits (P. D. Sly, R. A. Collins, C. Thamrin, D. J. Turner, Z. Hantos, and J. Kovar, unpublished observations).
Mijailovich et al. (11) examined the relative contributions of tissue matrix (represented by rabbit lung tissue strips) and of individual fibrous components (represented by pigeon ligamentum propatagiale) to test a prediction that " of the tissue matrix must be greater, and typically much greater, than that of its isolated fibrous constituents." They found that of the lung parenchyma decreased moderately with increasing frequency and was approximately an order of magnitude greater than that of the ligamentum propatagiale. These findings can be used to shed some light on the mechanism of the volume dependence of , reported in the present study. At low lung volumes, i.e., at the volumes close to the normal breathing volume of the mice, the mechanical behavior of the lung tissues would be expected to be dominated by that of the tissue matrix. As lung volume increases to volumes that would not frequently be reached during normal breathing, the tissue matrix is stretched. Our data are consistent with the notion that at high lung volumes a transition occurs and that the mechanical behavior of the lung tissues becomes dominated by that of individual fibers, most likely collagen fibers. This is in accordance with the findings that is smaller in elastance-treated parenchymal strips than in those after collagenase pretreatment (20) .
Finally, data from another study investigating the mechanisms of bleomycin-induced lung fibrosis (2) provide support for the interpretation of the mechanisms involved in the volume-dependent behavior of discussed above. Mice in which lung fibrosis was induced show a different pattern of volume dependence of compared with controls (Fig. 7) . Although both groups show a fall in from a similar plateau at low lung volumes (0 and 2 cmH 2 O) and approach a new (lower) plateau (similar between groups) at high volume (20 cmH 2 O), the mice with lung fibrosis begin this transition at a lower lung volume. The mice with fibrosis have a significantly lower at 10 cmH 2 O (2-way repeated-measures ANOVA, post hoc Tukey's test, P Ͻ 0.05) than controls. These data suggest that as the amount of collagen in the lung connective tissue network increases, the transition from mechanical behavior dominated by the tissue matrix to that dominated by the behavior of single (collagen) fibers occurs at a lower lung volume. If lung fibrosis shifts the volume at which the value of makes the transition from the level seen at low lung volume to that seen at high lung volume, it may provide a noninvasive assessment of the structural changes in the lung parenchyma. This possibility requires further specific investigation and is beyond the scope of the present study.
In conclusion, we have measured the volume-dependent behavior of respiratory mechanics in the mouse and demonstrated an unexpected pattern in . The falls from an initial plateau value of ϳ0.27 at low lung volumes to a second, lower, plateau value of ϳ0.13 at lung volumes approaching total lung capacity. Mice with normal lungs make this transition between lung volumes associated with transrespiratory pressures of 10-15 cmH 2 O. Our data strongly suggest that this pattern is not due to the influence of the chest wall, regional inhomogeneity at low lung volumes, time dependence of lung volume recruitment, or surface tension-lowering ability at low lung volumes. Preliminary data do suggest that this pattern may be a fundamental property of the connective tissue fibers of the pulmonary parenchyma and that increasing the amount of collagen by inducing pulmonary fibrosis alters this pattern. Further studies are required to determine whether the measurement of the volume dependence of may hold promise as a noninvasive method for assessing the structural integrity of the lungs.
